Introduction
Schottky barrier height (SBH) tuning is a major challenge for the development of metal source/drain structures in MOSFETs, because intrinsic SBHs of most silicides are large [1] . For example, the SBH of NiSi is 0.65 eV for n-Si and 0.47 eV for p-Si. Dopant segregation at the silicide/silicon interface is a practical way to achieve small SBHs [2] [3] [4] . First-principles calculations suggest that this technique is based on dipole formation by dopants at the interface [5] . Thus for the purpose of SBH tuning, it is important to control the dopant profile and their activation at the interface [6] .
In this work, we studied the segregation behavior of arsenic dopants and their activity at the NiSi/Si interface. Dopant segregation was achieved by the "snowplow" effect [7] . Based on physical and electrical analyses, it is demonstrated that only a portion of dopants at the interface are activated and contribute to SBH tuning.
Experimental
NiSi/Si diodes with dopant segregation by the snowplow effect were prepared using n-type dopants in p-Si (100) wafers with a resistivity of 3 Ω·cm (Fig. 1 ). An ohmic contact was formed on the backside of the wafers by boron implantation and annealing. Arsenic (As) ions were implanted into the Si surface at 20 keV and 1x10 15 cm -2 through a 10 nm thick SiO 2 mask. The implantation damage was removed by a spike anneal at 1000ºC. After removal of the SiO 2 mask by a dilute HF solution, a Ni film and TiN capping layer were deposited by sputtering. The thicknesses of the Ni films varied between 4 and 100 nm. A silicidation anneal was then performed at 600ºC for 1 min. Residual metals were removed by SPM etching, and the device was finished by forming electrodes.
Results and Discussion

Dopant Segregation Dependence on NiSi Thickness
An in-plane XRD pattern and a cross sectional TEM image of the NiSi film are shown in Fig. 2 . A 60 nm thick polycrystalline NiSi film was formed from an initial 30 nm thick Ni film. The average grain size was found to be around 100 nm.
The depth profiles of As atoms in Si and NiSi/Si structures were examined by SIMS. In the implanted and annealed Si wafer, the arsenic was found to be confined to a shallow region near the Si surface (Fig. 3) . The total concentration of As atom was calculated to be 7x10 14 cm -2 by integrating the concentration as a function of depth. Dopant segregation by the snowplow effect is observable in NiSi/Si structures (Figs. 4 and 5) . By calibrating both matrix and interface effects using standard samples, the total concentration of As atoms in these structures was also calculated to be 7x10 14 cm -2 within a 15% margin of error. The figures show that only a portion of the dopants are segregated by the snowplow effect, and the ratio of segregation deceases as the NiSi thickness increases. This means that most of the As atoms do not follow the progress of the NiSi/Si interface and remain in the NiSi and at grain boundaries.
SBH Modification by Segregated Dopants
I-V characteristics of intrinsic and As-segregated NiSi/p-Si diodes were measured at 333, 300, 253, and 223 K (Figs. 6-8 ). Interfacial properties are clearly reflected in their rectifying behavior and saturation current (J S ). SBHs were evaluated using the temperature dependences of J S [8] , as shown in Figs. 9 and 10. A significant variation in SBH from 0.42 eV to 0.8 eV is observed. As the NiSi thickness increases, however, its influence on SBH gradually becomes small because of the decreasing amount of As segregation. Thus the correct combination of NiSi thickness and dopant profile is the key for effective SBH tuning.
Finally, the relationship between the SBH modification and the number of segregated As atoms is shown in Fig. 11 . The SBH is seen to change in proportion to the concentration of As atoms. The intercept of the linear fit on the x-axis indicates the large amount of inactive As atoms at the interface. This may be due to the existence of large numbers of defect sites at the NiSi/Si interface that can trap dopants and render them electrically inactivate. Assuming a constant concentration of inactive dopants, the concentration of active dopants is estimated to be less than 2x10 14 cm -2 for the case of the largest SBH modification. This value shows that the required concentration of dopants is much less than the density of atomic sites at the interface.
Conclusions
Our results show that the snowplow effect leads to only a fraction of dopants being segregated at the interface, of which only some are electrically active. To carry out effective SBH tuning, the implantation dose and silicide thickness must be selected with these considerations in mind. The required concentration of active dopants for SBH tuning is estimated to be much less than the density of atomic sites at the interface. These results can provide us with a greater understanding of SBH tuning by dopant segregation. , corresponding to 51% of the dose. 
